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Despite t h e  increas ing  a c t i v i t y  i n  r ecen t  years  i n  
t h e  a r ea  of inner  s h e l l  i on i za t ion  very  l i t t l e  work 
has  been done with high-velocity ions.  I n  t h e i r  sum- 
mary of L-shell d a t a  i n  1976, Hardt and watsonl) l i s t  
no proton o r  deuteron da t a  above 30 MeV o r  helium da t a  
above 80 MeV, and i n  a c t u a l i t y  t h e r e  a r e  very  l i t t l e  
d a t a  of any kind above 6 MeV. The authors  know of no 
o ther  r e p o r t s  of high-velocity L-shell i on i za t ion  i n  
t h e  l i t e r a t u r e  s ince  t h i s  summary appeared. 
One reason f o r  t h e  l ack  of high-velocity d a t a  has  
been t h e  long-held be l i e f  t h a t  i n  t h e  high-velocity 
region  t h e  assumptions necessary f o r  app l i ca t ion  of 
t h e  Born Approximation a r e  wel l  s a t i s f i e d ;  s i n c e  PWBA 
theo r i e s  should g ive  a good account of t h e  c r o s s  sec- 
t i o n  i n  t h i s  region,  it was not  thought t o  be an in-  
t e r e s t i n g  a r e a  f o r  experimental i nves t iga t ion .  Re- 
cen t ly ,  however, Reading and col labora tors2)  have 
c a l l e d  t h i s  be l i e f  i n t o  quest ion,  suggest ing dev ia t i ons  
l a r g e r  than 5% from PWBA theo r i e s  f o r  K-shell ioniza-  
t i o n  with p r o j e c t i l e  v e l o c i t i e s  above 20 MeV/amu on 
medium-weight elements. Such e f f e c t s  could a l s o  be 
important f o r  L-shell ioniza t ion;  i n  order t o  explore 
t hese  p o s s i b i l i t i e s ,  we have measured r e l a t i v e  inner  
subshe l l  i on i za t ion  c ros s  s ec t ions  wi th  66 MeV deuterons 
and 132 MeV alpha p a r t i c l e s  on Ta, P t  and Au. K-shell 
i on i za t ion  e f f e c t s  i n  l i g h t e r  elements were a l s o  mea- 
sured; t he se  r e s u l t s  w i l l  be t h e  sub jec t  of a f u t u r e  
publ ica t ion .  
The experiment was performed a t  t h e  Indiana Uni- 
v e r s i t y  Cyclotron F a c i l i t y  (IUCF). Self-support ing 
t a r g e t s ,  approximately 1 mg/cm2 i n  th ickness ,  were 
mounted i n  t h e  IUCF low-background a r e a ,  X-rays from 
t h e  t a r g e t s  were viewed through a 0.5 m i l  mylar win- 
dow, a t  900 t o  t h e  inc ident  beam d i r e c t i o n ,  with a 
conventional  S i (L i )  de tec tor .  Data were Cecorded on 
magnetic tape  and l a t e r  analyzed a t  Ohio S t a t e  Uni- 
v e r s i t y .  The L-shell spec t r a  were s imi l a r  i n  appear- 
ance t o  those  obtained a t  lower v e l ~ c i t i e s . ~ )  The 
spec t r a  were f i t  with a gaussian peak-f i t t ing  rou t ine ,  
and conventional  atomic parameters were used t o  con- 
v e r t  from x-ray production cross  s ec t ions  t o  L-subshell 
c ros s  s ec t ions  a s  described by Chang e t  a l a 3 )  Although 
t h e  e l e c t r o n i c s  used f o r  da t a  c o l l e c t i o n  included ad- 
vanced pile-up r e j e c t i o n  c i r c u i t r y ,  beam cu r ren t s  had 
t o  be r e s t r i c t e d  t o  < 1 nA i n  order t o  maintain system 
re so lu t ion ,  and absolu te  charge c o l l e c t i o n  was d i f f i -  
c u l t  t o  achieve. However, t h e  s t a t i s t i c a l  accuracy of 
each spectrum was such t h a t  s a t i s f a c t o r y  r a t i o s  of 
x-ray y i e l d s  f o r  each run  could be obtained. I n  what 
fol lows,  t he re fo re ,  we w i l l  d i s cus s  only r a t i o s  of 
c ros s  sec t ions .  
The behavior of t he se  L-subshell r a t i o s  a t  high 
v e l o c i t i e s  is i n t e r e s t i n g  t o  explore,  s i n c e  a t  low 
v e l o c i t i e s  they show s i g n i f i c a n t  depar ture  from 
theory. 39495)  The r e s u l t s ,  f o r  both alpha and deuteron 
ion i za t ion ,  a r e  shown i n  Fig. 1. The e r r o r s  i n  t h e  
experimental da t a ,  inc luding  both s t a t i s t i c a l  and 
f i t t i n g  e r r o r s ,  a r e  smaller  than  t h e  da t a  poin ts .  The 
l i n e s  i n  t h e  f i g u r e  show t h e  PWBA pred ic t i on  taken from 
t h e  t a b l e  of Choi e t  a1. 6, As Fig. 1 c l e a r l y  shows, 
t h e  r a t i o  of cq,I/oLII has  t h e  target-Z dependence pre- 
d i c t ed  by PWBA, but  is sys temat ica l ly  lower than t h e  
t h e o r e t i c a l  va lues  both f o r  deuteron and a -pa r t i c l e  
bombardment. The r a t i o  oLIII/uLII appears t o  vary  
with target-Z wi th  a s lope  opposite t o  t h e  PWBA pre- 
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F9ure 1. Ratios of L-subshe22 ionizat ion cross sec- 
tzons us. target  atomic nwnber for a )  66 MeV deuterons 
and b)  232 MeV alpha partictes.  The dashed Zines s h m  
- - 
PWBA predictions. 
Reading e t  a l .  have shown t h a t  the  c l e a r e s t  manifes- 
t a t i o n  of t h e  discrepancy between PWBA theory and more 
complete ca lcula t ions  f o r  the  case of K-shell ioniza- 
t i o n  can be seen i n  the  r a t i o  of t h e  cross  sect ions  f o r  
two d i f fe ren t  Z p r o j e c t i l e s  of the  same veloci ty ,  i .e . ,  




where a(Zi) is the  cross  sect ion f o r  ionizat ion by 
p r o j e c t i l e  with charge Zi. I n  PWBA t h i s  r a t i o  is one 
a t  a l l  v e l o c i t i e s  while more complete theor ies  pre- 
d i c t  a velocity-dependent value of RZ. We have there- 
fo re  sought such e f f e c t s  f o r  t h e  L-shell case. Table 
1 shows our r e s u l t s  f o r  the  value of RZ using 66 MeV 
deuterons and 132 MeV alpha pa r t i c l e s .  Cal ibra t ion of 
the  IUCF magnet system ind ica tes  t h a t  the  ve loc i ty  of 
these p r o j e c t i l e s  should be the  same t o  b e t t e r  than 1%. 
Since absolute charge in tegra t ion  was not obtained, we 
have normalized the  values of RZ f o r  each subshel l  t o  
the  value obtained f o r  the  LIII subshel l ,  which has 
the  smallest  s t a t i s t i c a l  uncertainty.  Referring t o  
Table 1, it is t o  be noted t h a t  RZ f o r  t h e  LI subshel l  
is  systematically some 10% below RZ f o r  LIII, while 
t h e  p r o j e c t i l e  dependence of LII appears t o  be much 
more s imi lar  t o  t h a t  of LIII (with t h e  poss ible  ex- 
ception of the  tantalum value).  While we cannot, a t  
t h i s  point ,  know with ce r t a in ty  which subshel l  ioni-  
za t ion cross  sect ions  show an absolute  devia t ion from 
the  PWBA predic t ions  on p r o j e c t i l e  dependence, it i s  
Table 1. NORMALIZED PROJECTILE-DEPENDENT CROSS-SECTION RATIOS 
Element R; RA (LII) 
The r a t i o s  f o r  ionizat ion of t h e  LT T, subshells  by equal-velocity deuterons and a- 
pa r t i c l e s ,  normalized t o  RZ (LIII) . Thus R; (ti? && RZ (LI) IRZ ( L ~ ~ ~ ) ,  where RZ = 4odIaa - Note t h a t  
PWBA p red ic t s  a l l  RZ = 1. 
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The observed e f f e c t s  i n d i c a t e  t h e  need t o  u se  8) J.F. Morgan, R.S. Sega, R . J .  Schraeder, H.R. S u i t e r ,  
and S.L. B l a t t ,  Phys. Rev. A l6, 2187 (1977). 
more exact  wave-functions f o r  t h e  inner-she l l  e lec-  
9)  James R. Chen, Phys. Rev. A 2, 487 (1977). 
t r ons ,  a more accura te  formulat ion of t h e  r e a c t i o n  
10) M.H. Chen, B. Crasemann, and V.O. Kostroun, Phys. 
mechanism, o r  both. The r e l a t i v i s t i c  co r r ec t ion  des- Rev. A k, 1 (1971). 
c r ibed  by ~8111~1, which might be expected t o  be im-  
por tant  i n  t h e  present  energy range, has  been shown8s9) 
t o  be i n s u f f i c i e n t  t o  expla in  devia t ions  from non- 
r e l a t i v i s t i c  PWBA even a t  lower energies.  Use of 
more d e t a i l e d  s t r u c t u r a l  models, such a s  Hartree- 
Fock-Slater wave funct ions lO)  o r  exact  r e l a t i v i s t i c  
ca l cu l a t i ons  might be expected t o  expla in  some of 
t he  observations,  e spec i a l l y  t h e  d i f f e r ences  between 
t h e  s and p subs hell^;^) ca l cu l a t i ons  such a s  t hese  
a r e  beyond t h e  scope of t h e  present  work. 
Further c l a r i f i c a t i o n  of t h e  e f f e c t s  repor ted  
here  may be forthcoming from absolu te  c r o s s  s e c t i o n  
measurements. It is, however, a l ready c l e a r  from t h e  
r e l a t i v e  c ros s  s ec t ions  measurements repor ted  h e r e  
t h a t  s u b s t a n t i a l  devia t ions  from t h e  simple theore-  
t i c a l  p r ed i c t i ons  exist a t  t he se  high v e l o c i t i e s ;  
f u r t h e r  understanding must a l s o  await  an  extension 
of de t a i l ed  t h e o r e t i c a l  work t o  t he  L subshel l s .  
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